Optimal conditions for the isolation and growth of virulent canine distemper virus (CDV) in canine thymic and peripheral blood lymphocyte cultures were determined. Peak virus titers were seen from 3 to 6 days postinoculation of lymphocytes and depended on the multiplicity of infection. Dog lymphocytes were at least as susceptible as canine macrophages to infection with virulent CDV. Virus replication in lymphocytes resulted in higher virus titers than in dog lung macrophages. Peripheral blood lymphocytes (PBL) from CDVimmune dogs were as susceptible to CDV as were PBL from susceptible dogs.
In recent years, outbreaks of canine distemper (CD) in dogs have occurred throughout Europe and Canada 13 (M. Blixenkrone-Möller, M. Horzinek, L. Sivonen, M. Vandevelde, personal communication). A wide range of wild carnivores are also susceptible to CDV. 3 Canine distemper virus infection has occurred in seals in the Baikal Lake, 31 and a similar virus (now referred to as phocine distemper virus [PDV] ) was lethal to harbor seals in the North Sea. 23, 24 A virus similar to PDV caused mortalities in dolphins in the Mediterranean Sea. 10 Most recently, CDV infection and encephalitis has been demonstrated in javelinas (collared peccaries) from Arizona? Domestic cats and pigs may acquire CDV infection without developing disease? During all these events, attempts to isolate virulent CDV in cell monolayers in several laboratories were unsuccessful (E. Leighton, J. Maré, C. Övell, B. Rima, personal communication).
Canine distemper virus occurs as virulent (wild-type) and laboratory-modified strains that have different target cell susceptibility. Attenuated virus grows readily in monolayers of a variety of epithelial cells and fibroblast cell lines and in primary cell cultures from different species. Many laboratories successfully propagate attenuated strains of CDV, for example, for performing serum neutralization tests. However, isolation of virulent CDV in these cells is difficult. 2, 3 For the last 2 decades, with few exceptions, isolation of virulent CDV has been made in dog or ferret lung macrophage cultures. 2, 4, 9, 22, 26 This procedure is efficient but not practical for most laboratories because primary macrophage culture requires the sacrifice of a specificpathogen-free pup or ferret. Brain cells from newborn puppies are susceptible to virulent CDV 25,30 but are not widely available and so are also impractical for routine virus isolation purposes. Growth of virulent CDV has occasionally been reported in cultures of canine urinary bladder cells, 7, 16 Vero cells, 19 or primary dog kidney cells. 13 However, the success rate of isolation is usually low, and extended time periods are required for the virus to multiply.
Studies of CDV in B and T cell lines 12 indicated that primary blood lymphocyte cultures from distempersusceptible dogs will replicate CDV. These cells were as efficient as lung macrophages for virus isolation and were superior for the preparation of CDV stocks because virus titers are higher. Because many laboratories have been faced with suspected cases of CDV infection but were unable to make virus isolations, we have established the optimal conditions for the isolation and growth of virulent CDV in dog lymphocyte cultures. The initial tests were made with dog thymocyte cultures because large amounts of these cells can be readily prepared. A comparison was made between growth of virulent CDV in lymphocytes separated from thymus tissue (thymocytes) and growth in peripheral blood lymphocytes (PBL), which are easier to obtain in most laboratories. A comparison was also made between growth of virulent CDV in PBL from CDV-immune and from susceptible dogs.
Materials and methods

Cell cultures
Lymphocytes from thymus tissue (thymocytes). Two-to 6-wk-old pups from the J. A. Baker Institute specific-pathogen-free (SPF) beagle colony were euthanized with an overdose of barbiturate and exsanguinated. Thymus tissue was aseptically removed. The thymus was minced in 10 ml of RPMI 1640 medium with L-glutamine a to obtain pieces approximately 2-3 mm 3 . The minced tissue was transferred to a fluted 50-ml Erlenmeyer flask with approximately 35 ml of RPMI 1640. This suspension was rapidly stirred with a magnetic stir bar for 30-60 min at 20 C. The resulting tissue suspension was filtered through cheesecloth and centrifuged for 5 min at 250 x g. The cell pellet was suspended in RPMI 1640 medium with L-glutamine containing 20% fetal calf serum (FCS) and gentamicin (50 µg/ml). b The cell concentration was adjusted to 5 x 10 6 cells/ml. Cell viability was assessed by trypan blue exclusion and was >98%. Mitogens were added to the cell suspension at the time of seeding to produce the following final concentrations: 3 µg/ml concanavalin A (Con A), b 15 µg/ml phytohemagglutinin (PHA), b or 5 µg/ml pokeweed mitogen (PWM). b Thymus cell cultures were maintained in a humidified incubator at 37 C, 5% CO 2 , 95% air.
Peripheral blood lymphocytes. Heparinized blood from SPF beagle dogs or from retrievers immune to CD was diluted with an equal part of RPMI 1640 medium. The diluted blood was overlayed on an equal volume of Ficoll-Paque c and centrifuged for 30 min at 500 x g. The cell band was removed and washed 3 times in RPMI 1640 plus 2% FCS in polypropylene tubes. Cells were resuspended at a concentration of 5 x 10 6 cell/ml in RPMI 1640 with L-glutamine plus 20% FCS and 50 µg/ml gentamicin. The cell preparation contained at least 95% lymphocytes with a viability of > 98%. Incubation and stimulation with mitogens was as described for thymocyte cultures.
Lung macrophages. Dog lung macrophage cultures for the titration of virulent CDV were prepared as previously described. 3 Minced lung tissue from 2-6-wk-old SPF beagle pups was stirred in medium and harvested as described for thymocyte preparations. Macrophage concentrations were enriched by separation on Percoll. Cells were suspended at a concentration of 2 x 10 6 cells/ml in 40% McCoy medium (with L-.glutamine), a 40% Leibowitz L15 medium (with L-glutamine), a 20% FCS, and antibiotics. Lung macrophage cultures were maintained at 37 C in 5% CO 2 , 95% air in a humidified incubator.
Virus
For most of these studies, the Snyder Hill (SH) strain of virulent CDV was used. Thymus tissue suspension (10% in RPMI 1640) from CDV-SH infected dogs with a virus titer of 10 6.2 tissue culture infectious doses (TCID 50 )/ml was frozen in aliquots at -70 C. For comparison, the Cornell A75-17 strain of virulent CDV 29 was included. Frozen lymph node tissue suspensions from this strain had a titer of 10 4.8 TCID 50 / ml.
Virus inoculation
At different times after seeding, cell suspensions were pelleted at 250 x g for 3 min, and the supernatant was discarded. Virus suspensions at different multiplicities of infection (MOI) were overlayed on cell pellets and mixed. Agitation continued during a 1-hr incubation at 37 C. Cells were then washed and resuspended in the original volume with RPMI 1640 medium and 20% FCS. Resuspended cells were aliquoted in 1.0-ml amounts into 24-well tissue culture plates d and incubated at 37 C in 5% C0 2 , 95% air.
Harvest of lymphocytes
Virus titrations. Between 1 and 6 days postinoculation (dpi), cell suspensions were transferred from 24-well plates to centrifuge tubes. Cells were pelleted at 250 x g for 3 min. The supernatant was removed and frozen at -70 C. Cells from 1 ml of suspension were resuspended in 0.5 ml RPMI 1640 with 20% FCS and 7% dimethyl sulfoxide b and frozen at -70 C.
Immunefluorescence (IF). Cell suspensions from 24-well plates (0.1 ml/sample) were spun onto glass slides at 1,000 rpm for 5 min in a Cytospin 2. Slides were air dried, fixed in acetone for 5 min, air dried again, and stained for 30 min with fluoresceinated anti-CDV hyperimmune serum prepared in dogs. Slides were then washed in saline, mounted in gelvatol 17 and examined under a Leitz Lablux microscope.
Virus titration in dog lung macrophage cultures
Canine distemper virus-infected cell and supernatant samples were thawed immediately prior to titration in dog lung macrophage cultures. Threefold dilutions were made in 96well flat-bottomed tissue culture plates. Freshly prepared macrophage suspensions were added to each well. Inoculated cultures were maintained for 4 days at 37 C in 5% CO 2 , 95% air, in a humidified incubator. Plates were then examined under an inverted microscope for the presence of syncytia formation in macrophage cultures. The presence of smoothedged syncytia formed from more than 3 or 4 cells was interpreted as CDV positive. Titration end points were determined by the Käber method.
Virus titration in dog lymphocytes
Canine distemper virus samples for titration in lymphocytes were prepared as for titration in dog lung macrophages. Dog thymocytes or PBL at a concentration of 5 x 10 6 cells/ ml that had been stimulated for 1 or 2 days with PHA were added to each well. After three and 6 dpi at 37 C in 5% CO 2 , 95% air, lymphocytes were prepared for IF as described.
Isolation of CDV from natural cases of distemper
To obtain recent isolates of CDV from field cases for other studies, frozen tissues were obtained from 2 dogs, 2 raccoons, 1 mink, and 1 black-footed ferret. A heparinized (without preservatives) blood sample from a dog was obtained, and PBL were separated on Ficoll-Paque. Tissue suspensions were prepared at a dilution of 1:50 (w/v) in RPMI 1640 medium with L-glutamine (lower dilutions were toxic to canine lymphocytes). Peripheral blood lymphocytes that had been stimulated with PHA for 1 or 2 days were inoculated with tissue suspensions or with PBL from infected animals.
Inoculated PBL were tested by IF 3 and 6 dpi for the presence of CDV antigen. When positive, they were cocultivated with fresh PHA-stimulated PBL from SPF dogs for a virus harvest. In addition, Vero cells were overlayed with infected PBL to initiate infection. Infected Vero cells were passaged every 7 days until the majority of cells were infected.
Results
The results of growth of virulent CDV (SH strain) in lymphocytes from thymus tissue either unstimulated or stimulated with PHA, PWM, or ConA are summarized in Fig. 1 . Cells were infected with an MOI of approximately 0.1 at 1, 2, or 3 days in vitro (div). Samples were removed daily for 6 dpi. Results presented in Fig. 1 are the virus titers in the cellular fraction of the samples. Virus titers obtained in PHA-and PWM-stimulated cells were higher than those in ConAstimulated cells, which were still higher than those in unstimulated cells. However, titers of >10 3 /ml were found in unstimulated cells that were inoculated at 1 or 2 div and harvested 3 or 4 days later. The highest virus yields in stimulated cells were found 3 dpi.
Virus titers in the supernatant samples were at least 1,000-fold lower than those in the cellular fraction, and no virus was found in supernatant samples from unstimulated cells (data not presented).
The experiment was repeated with PBL from SPF beagle dogs. Figure 2 illustrates the virus titers in the cellular fractions at different dpi. Virus titers in PBL were higher than those in thymocytes. In contrast to thymocyte cultures, CDV titers were slightly higher in ConA-stimulated than in PHA-or PWM-stimulated cells. Even in unstimulated cells, CDV titers of >10 5 TCID 50 /ml were produced by 2-4 dpi.
Unlike the thymocyte cultures, the PBL cultures released larger amounts of virus into the supernatant medium ( Fig. 3) , although virus titers were still lower than those in cellular fractions. By 2 dpi, CDV titers in mitogen-stimulated cell supernatants were >10 5 TCID 50 /ml versus >10 4 TCID 50 /ml in supernatants from unstimulated cells. Figures 4 and 5 summarize the virus titers in the cellular fraction of samples from thymocytes or PBL taken daily for 6 days from cells infected with different MOI. Cells were stimulated for 2 days with PHA before inoculation. Cells were infected with either CDV-A75-17 (Figs. 4A, 5A) or with CDV-SH (Figs. 4B, 5B) .
Cells infected with an MOI of ≥ 10 -3 reached highest virus titers 3 or 4 dpi, but cells inoculated with an MOI ≤ 10 -4 produced highest virus titers 5 or 6 dpi (Figs. 4, 5) .
To see if PBL from CDV-immune dogs could be used for CDV isolation, a comparison was made between growth of different strains of CDV in PBL from SPF dogs versus PBL from CDV-immune dogs with CDV neutralizing antibody titers of 1:100-160. Figure  6 illustrates virus titers of 2 virulent CDV strains (SH and A75-17) and 1 vaccine strain (Rockborn) in dog lung macrophages (DLM) and in PBL from susceptible and immune dogs. Virus titers in PBL from CDVimmune dogs were as high as those in PBL from CDVsusceptible dogs.
To demonstrate that virus titers in Figs. 1-6 represented active replication of CDV in dog lymphocytes, the survival time of cell-free CDV at 37 C was determined. Survival of CDV in cell-free medium was brief. Samples of CDV in RPMI 1640 plus 20% FCS were incubated in tissue culture plates at 37 C in a humidified incubator with 5% CO, and 95% air. Samples were removed at various times after incubation began and the titer of infectious CDV was determined. After 24 hours of incubation, infectious CDV was not found.
The following CDV isolations were made in dog PBL from tissue suspensions of various animals that had clinical distemper after natural infect-ion: lung, black footed ferret (A85-24), lung and brain, raccoon (A89-2), lymph node and thymus, dog (A89-6), lung and spleen, mink (A89-7), lung, dog (A91-8), brain, raccoon (A91-9). Canine distemper vaccine virus was also isolated from PBL of a dog 8 days postvaccination (A91-14). The isolated CDV grew readily in primary dog kidney cells.
Discussion
This method for isolating and multiplying virulent CDV can be applied in most laboratories. Primary lymphocyte cultures from dog thymus tissue or from peripheral blood supported the growth of virulent CDV. Optimal CDV growth was found in PHA-or ConAstimulated PBL (Fig. 2) . This pattern is similar to that shown by measles virus (MV), which replicates best in PHA-stimulated lymphocytes, 28 and virulent rinderpest virus (RV), which grows best in ConA-stimulated lymphocytes. 27 Unstimulated PBL supported CDV growth but to a lesser degree (Fig. 2) . The optimal time for virus inoculation was 1-2 days after mitogen stimulation ( Figs. 1, 2) . The optimal time for virus harvests depended upon the MOI (Figs. 4, 5) . At an MOI of > 10 -3 highest virus titers were reached by 3 dpi. At alower MOI of ≤ 10 -4 , 5 or 6 dpi was optimal for harvest. Testing of lymphocytes by IF for the presence of CDV antigen after inoculation with field samples would be best on both 3 and 6 dpi. Cells with a high MOI stained on day 3 and cells with a low MOI stained on day 6 were the easiest to interpret. Testing by IF was as sensitive as titration in macrophages or lymphocytes for the detection of CDV (data not included).
Peripheral blood lymphocytes from CD-susceptible or -immune dogs (Figs. 2, 6) were as useful for the isolation of virulent CDV as were thymocytes. Similar observations were made with rinderpest virus in bovine lymphocytes. 27 Because other viruses are not known to persist in canine lymphocytes (e.g., cytomegalovirus or other herpesviruses, or lymphotropic retroviruses), PBL from healthy dogs would be suitable for the isolation and propagation of virulent CDV. If mitogens are not available, CDV isolation in unstimulated PBL could be attempted.
Specimens from dogs with clinical signs of distemper that would be suitable for virus isolation in dog lymphocyte cultures are buffy coat cells during the first 2 weeks of infection and nasal, conjunctival, or vaginal swabs and cerebrospinal fluid thereafter. Postmortem specimens should include lymphatic tissue, lung, or brain suspensions diluted 1:50 as described, and urinary bladder epithelium. Canine distemper virus (CDV) titers (TCID 50 /ml) in DLM and PBL from CDV-susceptible and -immune dogs that were inoculated with CDV. Two virulent strains (SH at MOI of 10 -1 and A75-17 at MOI of 10 -2 ) and 1 vaccine strain (Rockbom at MOI of 10 -1 ) were inoculated into DLM at the day of seeding; PBL were inoculated 2 days after PHA stimulation. Cells were tested for virus titers 3 dpi.
Both canine T and B lymphocytes became infected
with virulent CDV when dual staining was performed with fluorescein isothiocyanate-labeled CDV antiserum and rhodamine-labeled anti-Thy-1 or antiglobulin (data not shown). No attempts were made to determine the subpopulations of canine T lymphocytes that became infected. Measles virus replicated in both human T and B lymphocytes and T4 and T8 cells. 15, 18 Rinderpest virus also grew in T and B lymphocytes, however, T-cell enriched populations supported virus replication better. 27 As for virulent CDV, the isolation of virulent MV in lymphoid cells from clinical specimens identified 10,000 fold less virus than did isolation in Vero cells. 20 Kobune et al. used a marmoset lymphoblastoid cell line for the isolation of MV and lapinized rinderpest virus. 21 They also found that MV grown in lympho-blast&d cells retained virulence for monkeys, whereas MV grown in Vero cells did not. They concluded that a rapid selection and attenuation of MV takes place in Vero cells, representing only a minor fraction of the original virus. Similar observations have been made with CDV. 3 The ability to differentiate between virulent and attenuated CDV in a virus isolate would be desirable, especially if postvaccinal encephalitis is suspected. 14 Both virulent and attenuated strains of CDV replicate in dog lymphocyte cultures. However, when CDV-infected dog lymphocytes are overlayed onto primary or secondary dog kidney or Vero cell culture monolayers, attenuated CDV adapts rapidly to these cultures, whereas virulent CDV requires several passages or prolonged incubation periods for adaptation. 8, 11, 13 A canine lymphoid cell line that could be used routinely for the isolation and propagation of virulent CDV would be useful and is presently being investigated. In an earlier study, 12 a variety of canine and human lymphoblastoid cell lines were tested. These cell lines could only be infected with CDV after cocultivation with CDV-infected primary dog lymphocytes. However, primary dog PBL should facilitate the isolation of virulent CDV from infected dogs or other animals.
